Aim: To investigate the pro-apoptotic effects of α-1-adrenergic inhibitor doxazosin in HeLa cells and the potential involvement of transcription factor activator protein-2α (AP-2α) in doxazosin-induced apoptosis. Methods: The HeLa cells were exposed to various concentrations of doxazosin for 16 h. Apoptosis was detected using a DNA fragmentation assay, Hoechst 33258 staining, and flow cytometric analysis. The expression of AP-2α and caspase-3 was detected by relative quantitative RT-PCR and Western blot assays, respectively. After the respective transfections of the HeLa cells with AP-2α overexpressing constructs and an antisense oligonucleotide against AP-2α, apoptosis was assessed by flow cytometric analysis, and the expression of AP-2α and caspase-3 was detected by relative quantitative RT-PCR and Western blot assays. The colorimetric assay was performed to detect the caspase-3 activity. Results: Treatment with various concentrations of doxazosin for 16 h increased the apoptotic rate and total cell death rate of the HeLa cells in a dose-dependent manner and upregulated the expression of AP-2α and caspase-3 in a dose-dependent manner. A dose-dependent increase was observed in the caspase-3 activity. Overexpressing AP-2α led to the increased rate of doxazosin-induced apoptosis and the total cell death, whereas doxazosin-induced apoptosis and the total cell death in HeLa cells decreased by antisense AP-2α. Furthermore, overexpressing AP-2α increased the expression and activity of caspase-3, whereas antisense AP-2α in part abolished the increased effects of doxazosin on caspase-3 expression and activity. Conclusion: Doxazosin induces apoptosis in HeLa cells in a dose-dependent manner, and transcription factor AP-2α is functionally involved in doxazosin-induced HeLa cell apoptosis.
Introduction
Doxazosin is a long-acting α-1-adrenoceptor antagonist structurally related to prazosin and terazosin. Its antihypertensive effect is produced by a reduction in the smooth muscle tone of peripheral vascular beds resulting in a decrease in total peripheral resistance without significant effect on cardiac output or heart rate. In most comparative trials, doxazosin has proven to be equally effective as the comparator drug in the treatment of mild to moderate hypertension [1] . Doxazosin has a beneficial effect on some of the risk factors associated with hypertension, including elevated serum lipid levels, impaired glucose metabolism, insulin resistance, and left ventricular hypertrophy. Modest decreases in total cholesterol, low density lipoprotein cholesterol, and triglycerides are seen with doxazosin therapy, while small increases in high density lipoprotein cholesterol and a high density lipoprotein cholesterol/total cholesterol ratio are consistently reported [2] . Furthermore, in benign prostatic hyperplasia, the effect of doxazosin in relieving bladder outflow obstruction is produced through a reduction in prostatic tone mediated via α-1-adrenoceptor blockade [3] . Recently, a large number of studies have demonstrated the potential antitumor action of doxazosin. A clinical research study reported that exposure to doxazosin signifi-cantly decreased the incidence of prostate cancer [4] . Doxazosin suppress prostate cancer cell growth by inducing apoptosis, and the apoptotic effect of doxazosin appears to be independent of the α-1-adrenoceptor block [5] [6] [7] [8] . Keledjian et al demonstrated that doxazosin induced anoikis and inhibits prostate cancer cell invasion, an effect that was antagonized by Bcl-2 [9] . Partin et al found that doxazosin mediated prostate cancer apoptosis by initially inducing the expression of transforming growth factor-β1 signaling effectors and subsequently IκBα [10] . Some reports showed that doxazosin increased the activities of caspase-3 and caspase-8 in prostate cancer cells, which suggests that doxazosin induces apoptosis of prostate cancer cells by activating caspase-3 and caspase-8. Some research results implicated Fas-mediated apoptosis as the underlying mechanism of the effect of doxazosin in prostate cells [11, 12] . Shaw et al demonstrated that the ability of doxazosin to induce apoptosis in PC-3 prostate cancer cells was in part attributable to the inhibition of protein kinase B/Akt activation [13] . Arencibia et al proposed a novel mechanism of action for doxazosin in prostate cancer cells that implied DNA damage-mediated apoptosis by the downregulation of XRCC5 and PRKDC genes [14] . Furthermore, doxazosin inhibits pituitary tumor cell growth in vitro and in vivo by mechanisms that are in part independent of its α-1-adrenergic receptor-blocking actions and are involved in the downregulation of NF-κB signaling [15] . All of the research reports discussed earlier showed that doxazosin plays antitumor roles by inducing tumor cell apoptosis, especially in prostate cancer. However, it has not been mentioned whether doxazosin has the same proapoptotic roles in cervical cancer cells as in prostate cancer cells. Cervical cancer is the most common gynecological malignant disorder worldwide. There are approximately 500 million cases of genital warts per annum worldwide and approximately 450 000 cases of cervical cancer. It has been estimated that approximately 420 of the 1400 women diagnosed with cervical cancer will die within 5 years of the diagnosis [16] , so it is crucial to find efficacious therapeutic drugs against cervical cancer.
Activator protein-2α (AP-2α) is a sequence-specific, DNA-binding transcription factor that is a member of the AP-2 family. AP-2 family proteins, consisting of the 5 homologous 52 kDa polypeptides of AP-2α, β, γ, δ, and ε, function in differentiation and development [17] [18] [19] . Much interest has recently been focused on findings that alterations in AP-2 activities are also related to the development of malignancies in humans, including breast cancer [20, 21] , ovarian carcinoma [22] , lung carcinoma [23] , gliomas [24] , testicular carcinoma [25] , and melanoma [26] . The present study was initiated to examine the effects of doxazosin on apoptosis in the cervical cancer cell line HeLa cells, then to explore the association of transcription factor AP-2α with doxazosin-induced apoptosis. We demonstrated that doxazosin induced apoptosis in HeLa cells, and transcription factor AP-2α play roles in doxazosin-induced apoptosis. We also showed that the caspase-3 pathway seemed to participate in doxazosininduced apoptosis through AP-2α.
Materials and methods

Construction of vectors, synthesis of oligonucleotides, and drugs
The expression vectors pCMV-Myc-AP-2α were constructed by ligating the full-length cDNA of AP-2α into the pCMV-Myc vector (Clontech, USA). To knock down the transcription of AP-2α, the phosphorothioate antisense oligonucleotide against AP-2α (ODNAP-2α) and the control sense oligonucleotide (COAP-2α) were synthesized according to published data [27] . The sequence of ODNAP-2α was CGTCAATTTCCAAAGCATTTTCATGGATCGG, and of COAP-2α was CAAAGTCTTGCATTATTCGGTCATAAT GGCC. Doxazosin mesylate was purchased from Sigma (St Louis, MO, USA).
Cell culture and transient transfections The HeLa cells were cultured in 10% fetal calf serum/Dulbecco's modified Eagle's medium (Gibco, USA) supplemented with penicillin and streptomycin in a humidified atmosphere at 37 o C and 5% CO 2 , and were transfected at 80% confluence using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer's instructions.
RNA extraction and relative quantitative real-time RT-PCR Total RNA was extracted from the HeLa cells using TRIzol reagent (Invitrogen, USA) according to the manufacturer's instructions. For RT-PCR, 2 µg of total RNA was subjected to a reverse transcription step using Promega reagents (USA). Real-time PCR quantification was then performed using a SYBR green PCR master mix (Invitrogen, USA) with a 7900 HT fast real-time PCR system (AB, USA). For each sample, the mRNA levels of the target genes were corrected for the β-actin mRNA levels. The PCR primers were 5'-GCTGGGCACTGTAGGTCAATC-3' (AP-2α sense) and 5'-TTCAGGCTGTAGGGGTCGTT-3' (AP-2α antisense), 5'-GCTCTGGTTTTCGGTGGGT-3' (caspase-3 sense) and 5'-GAGTCCATTGATTCGCTTCCA-3' (caspase-3 antisense), and 5'-GGCGGCAACACCATGT-ACCCT-3' (β-actin sense) and 5'-AGGGGCCGGACTCGTCATACT-3' (β-actin antisense).
Western blot analysis The HeLa cells were lysed in RIPA buffer with protease inhibitors. The protein concentration was determined using the Bradford method with a Bio-Rad protein assay reagent. Fifty micrograms of proteins were subjected to electrophoresis on 12% SDS-PAGE and were then immunoblotted with an AP-2α (3B5) monoclonal antibody (Santa Cruz, Santa Cruz, CA, USA) and caspase-3 polyclonal antibodies (Santa Cruz, USA). Immunodetection was performed with an enhanced chemiluminescence (ECL) detection kit (GE Healthcare, UK). DNA fragmentation assay DNA ladder formation was detected by gel electrophoresis. In brief, 5×10 7 HeLa cells were incubated in 0.5 mL TBE buffer containing 0.25% Nonidet and 0.1 mg/mL RNase A at 37 o C for 30 min and for an additional 30 min with proteinase K (1 mg/mL). DNA samples (equivalent to 1×10 6 cells) were electrophoresed at 100 V in 1.5% horizontal agarose gels and visualized under UV after staining with ethidium bromide (0.5 µg/mL).
Hoechst 33258 staining Apoptotic morphological changes in the nuclear chromatin of cells were detected by Hoechst 33258 staining. HeLa cells seeded on sterile cover glasses were washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde for 10 min and then incubated with 50 µmol/L Hoechst 33258 staining solution for 10 min. After 3 washes with PBS, the cells were viewed under a fluorescence microscope (Zeiss Axioskop 2, Germany).
Flow cytometric assessment of apoptosis Apoptotic and total dead cells were determined by the Annexin V-fluorescein-isothiocyanate (FITC)/propidium iodide (PI) detection kit (Jingmei Biotech, China). In brief, the cultured HeLa cells (1×105 cells) were washed with 1× Annexin V binding buffer and stained with Annexin V (5 µL) and PI (10 µL) for 15 min at room temperature in the dark. After the addition of 400 µL binding buffer, the cells were analyzed by flow cytometry (Becton Dickinson FACSCalibur, USA).
Caspase-3 activity assay The activity of caspase-3 was determined using the caspase-3 activity kit (Beyotime Institute of Biotechnology, China). To evaluate the activity of caspase-3, cell lysates were prepared after their respective treatment with various designated treatments. Assays were performed on 96-well microtitre plates by incubating 10 µL protein of cell lysate per sample in 80 µL reaction buffer (1% NP-40, 20 mmol/L Tris-HCl [pH 7.5], 137 mmol/L NaCl, and 10% glycerol) containing 10 µL caspase-3 substrate (2 mmol/L Ac-DEVD-pNA). The lysates were incubated at 37 o C for 4 h. The samples were measured with an ELISA reader at an absorbance of 405 nm. The detailed analysis procedure was according to the manufacturer's protocol. All the experiments were carried out in triplicate.
Statistic analysis Statistical analysis was performed using SPSS version 13.0 software (SPSS, Chicago, IL, USA). Data are presented as mean±SD. Differences were analyzed by ANOVA. Statistical significance differences were considered when P<0.05 or P<0.01.
Results
Doxazosin induces apoptosis in HeLa cells in a dosedependent manner
To explore the effects of doxazosin on HeLa cell apoptosis, we tested apoptosis by the DNA ladder formation assay, Hoechst 33258 staining, and Annexin V-FITC/PI methods. After the HeLa cells were exposed to various dose of doxazosin for 16 h, DNA laddering was observed, especially when exposed to 60 µmol/L doxazosin, indicating the occurrence of apoptosis at these concentrations ( Figure  1A) . Furthermore, as shown in Figure 1B , the cells treated with 10−60 µmol/L doxazosin for 16 h showed nuclear morphological changes typical of apoptosis with Hoechst 33258 staining, that is, nuclei fragmentation with condensed chromatin, while almost no apoptotic nuclei were observed in the untreated cells; the majority of cells had uniformly stained nuclei. Figure 1C shows that when exposed to 0~60 µmol/L doxazosin for 16 h, the proportion of apoptosis cells increased from 4.39% to 14.25%, and the total cell death increased from 8.41% to 21.2%, as determined by the flow cytometric analysis with Annexin V-FITC/PI double staining. These results of the 3 assays provide substantial evidence that doxazosin induces HeLa cell apoptosis in a dose-dependent manner.
AP-2α participates in doxazosin-induced apoptosis in HeLa cells To detect whether the pro-apoptotic effects of doxazosin are associated with AP-2α, the transfections with AP-2α overexpression constructs and the AP-2α antisense oligonucleotide were performed respectively, then the apoptotic effects were assessed by flow cytometric analysis. As shown in Figure 2 , the total cell death and apoptosis, especially late apoptosis, were markedly increased with the overexpression of AP-2α or knocking down of AP-2α when treated with 60 µmol/L doxazosin, compared with the absence of doxazosin ( Figure 1C ). Transfection with AP-2α resulted in apoptosis, which increased from 18.47% to 26.82%, and the total cell death increased from 62.05% to 71.24% with the presence of 60 µmol/L doxazosin, compared with transfection with the empty vectors,. However, transfection with the AP-2α antisense oligonucleotide resulted in apoptosis, which decreased from 19.70% to 13.70%, and the total cell death decreased from 29.59% to 23.29%, compared with the sense oligonucleotide. The above results suggest that AP-2α can induce apoptosis in HeLa cells, and the antisense AP-2α can partly block doxazosin-induced apoptosis.
Doxazosin upregulates the expression of AP-2α in HeLa cells
To further confirm that AP-2α is associated with doxazosin-induced HeLa cell apoptosis, we detected the effects of doxazosin on AP-2α expression. The AP-2α mRNA and protein levels were increased by doxazosin in a dosedependent manner in the HeLa cells, as shown by relative quantitative real-time RT-PCR ( Figure 3A) and Western blotting ( Figure 3B ), respectively. Together with the results of apoptosis assays, this suggests that the pro-apoptotic effect of doxazosin on HeLa cells is associated with AP-2α.
Doxazosin affects the caspase-3 pathway through AP-2 in HeLa cells A previous study reported that doxazosin induces apoptosis of prostate cancer cells by activating caspase-3 [11] , so we determined whether the caspase-3 pathway participates in doxazosin-induced apoptosis through AP-2α in HeLa cells. The expression of caspase-3 was detected. As shown in Figure 4A and 4B, the mRNA and protein levels of caspase-3 in the HeLa cells were increased in a dose-dependent manner when exposed to 0−60 µmol/L doxazosin, suggesting that doxazosin upregulates the expression of caspase-3. The effects of AP-2α on caspase-3 were detected with the presence of 60 µmol/L doxazosin, Figure 5A shows that the overexpression of AP-2α resulted in the concomitant increase of caspase-3 mRNA, whereas the antisense AP-2α in part abolished the increased effect of doxazosin on caspase-3 mRNA. The trend of protein levels was similar to that of the mRNA levels ( Figure 5B ). Because caspase-3 plays an important role during apoptosis, generally only in its active form, we further detected the effects of doxazosin and AP-2α on caspase-3 activity. The activity of caspase-3, analyzed by measuring the levels of p-nitroanilide cleaved from the substrate N-Ac-DEVD-pNA, was increased by doxazosin in a similar dose-dependent manner to that of is indispensable for apoptotic chromatin condensation and DNA fragmentation in all cell types examined [31] . A previous study reported that doxazosin induces apoptosis of prostate cancer cells by activating caspase-3 [11] . Our results implicated the caspase-3 pathway as the underlying mechanism of doxazosin-induced apoptosis through AP-2α in cervical cancer cells, as displayed in Figures 4 and 5 .
The present results seem to implicate the potentially complicated interaction between AP-2α and doxazosin. When the HeLa cells were treated with 0−60 µmol/L doxazosin, 60 µmol/L doxazosin induced approximately a 3-fold increase in late apoptosis from 4.39% to 14.25% ( Figure 1C ), but when AP-2α was overexpressed, the treatment of the HeLa cells with 60 µmol/L doxazosin only resulted in a 1.3-fold increase in late apoptosis from 16.1% to 20.91% (Figure 2 ). These results showed that the overexpression of AP-2α partly inhibited doxazosin-induced apoptosis. Similar trends were observed in the expression and activity of caspase-3. When AP-2α was not overexpressed, the treatment of the HeLa cells with 60 µmol/L doxazosin induced significant increases in the expression and activity of caspase-3 ( Figure 4) ; however, the overexpression of AP-2α with 60 µmol/L doxazosin induced increases in the expression and activity of caspase-3 that were non-significant ( Figure 5 ). Here, we hypothesized a potential mechanism in which doxazosin induces apoptosis in HeLa cells through AP-2α. AP-2α is a transcription factor that regulates multiple genes; our study found that there was a complicated interaction between AP-2α and doxazosin. The appropriate concentrations of doxazosin upregulated AP-2α in a certain range and then induced apoptosis through the actions of the upregulated AP-2α on caspase-3. However, when AP-2α was overexpressed, the over-threshold of AP-2α would probably inhibit the doxazosin-induced apoptosis in a negative feedback mechanism. Other genes controlled by AP-2α are probably involved in this pathway; however, these need to be further explored in future studies.
Our results demonstrate that doxazosin induces apoptosis of cervical cancer cells, and suggest at least a partial role for AP-2α in doxazosin-induced cervical cancer cell apoptosis. These results provide new insights for the use of doxazosin in the therapy of cervical cancer, and that the use of AP-2α should be explored as a therapeutic target. the mRNA and Western blotting results ( Figure 4C ). As presented in Figure 5C , the HeLa cells transfected with AP-2α demonstrated significant increases in caspase-3 activity compared with that of the empty vector group; however, the antisense AP-2α decreased the caspase-3 activity compared with sense AP-2α. These results suggest that the caspase-3 pathway was associated with doxazosin-induced apoptosis through AP-2α.
Discussion
Despite the association of AP-2 with several human malignancies [20] [21] [22] [23] [24] [25] [26] , very little is known about the status of AP-2 in cervical cancer cells. Here we investigated the effects of α-1-adrenoceptor antagonist doxazosin on AP-2α mRNA and protein levels in cervical cancer cells. We found that doxazosin upregulates the expression of AP-2α in a dose-dependent manner. We also found that doxazosin induces apoptosis in HeLa cells in a dose-dependent manner by a DNA fragmentation assay, flow cytometric assessment, and Hoechst 33258 staining. We found that the pro-apoptotic effects of doxazosin seemed to be associated with AP-2α. the overexpression of AP-2α resulted in increased apoptosis, whereas apoptosis was decreased when knocking down AP-2α. This is the first report to demonstrate that AP-2α participates in doxazosin-induced apoptosis in HeLa cells.
Studies have demonstrated AP-2α acts as a tumor suppressor by inducing apoptosis in melanomas and mammary carcinomas. Wajapeyee et al found that AP-2α inhibits the growth of cancer cells of different types, including H460 (lung carcinoma cell line), HT180 (fibrosarcoma cell line), HCT116 (colon cancer cell line), U2OS (osteosarcoma cell line), and SW480 (colon cancer cell line) by inducing cell cycle arrest and apoptosis [28] . They also found that blocking the endogenous AP-2α by small interfering RNA in human breast cancer cells leads to decreased apoptosis [29] , and AP-2α induces apoptosis by downregulating Bcl-2 and utilizing a Bax/cytochrome c/Apaf1 (apoptosis protease activation factor-1)/caspase 9-dependent mitochondrial pathway [30] . These research reports provide evidence that supports our results.
Caspases, a family of cysteine acid proteases, are crucial mediators of apoptosis, and include caspases-1 to -14. Among them, caspase-3 is a frequently activated death protease, catalyzing the specific cleavage of many key cellular proteins and is essential for normal brain development and in other apoptotic scenarios in a remarkable tissue-, cell type-, or death stimulus-specific manner. Caspase-3 is also required for some typical hallmarks of apoptosis and
